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a b s t r a c t

Tissue regeneration in many skin defects is progressing with new treatments in recent years. Tissue
engineering with the use of scaffolds offers more versatile and faster solutions in treatment. Extracellular
matrix (ECM) and its three-dimensional (3D) network structure as a biological bond by imitating the
tissue microstructure has been used for tissue repair, which can answer many existing challenges.
Vitamin A, which comes in several forms such as retinols, retinals, and retinoic acids, is a necessary
vitamin that is crucial for wound healing. In this research, sheep kidney capsule tissue decellularized
with sodium dodecyl sulfate (SDS) containing different doses of vitamin A has been used as an ECM in
skin tissue engineering. The above scaffold was evaluated in terms of properties such as biocompatibility,
analysis of mechanical properties, attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR), hydrophilicity, antibacterial, and cell adhesion. The findings reported suitable properties for
wound dressing, especially at a dose of 15,000 U/ml vitamin A for this scaffold. Then, the above scaffold
was evaluated on the full-thickness wound model in rat, which showed good wound contraction, and
increased VEGF factor. It showed a decrease in IL-1b level. Therefore, the use of the above-mentioned
decellularized scaffold in combination with medicinal agents effective in wound healing can be intro-
duced for further pre-clinical studies.

© 2024 Japanese Society of Regenerative Medicine. Published by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The skin is the largest organ in the human body that covers the
body's whole surface [1]. This tissue is an intricate organ that uses a
variety of defense mechanisms, including chemical, physical, and
microbiological barriers, to shield the host from harm from the
outside world [2]. The integumentary system is formed by the skin
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and its appendages that originate from the epidermis, such as hair
follicles, sweat glands, sebaceous glands, nails, and mammary
glands. Histologically, the skin is composed of two primary layers:
the dermis and the epidermis [3]. Growth factors, cytokines, che-
mokines, and other cells coordinately interact during the dynamic
and intricate multiple-phase process that is normal wound healing.
If these steps are not followed, wounds could become chronic and
develop atypical scars. Patients' quality of life is impacted by
chronic wounds since they necessitate frequent care and high
medical expenses. As a result, a lot of work has gone into creating
cutting-edge therapeutic methods for treating wounds [4]. Several
causesmay cause the skin, which is the biggest organ in the body, to
take longer to heal after an injury. Abrasions, burns, tumors, and
chronic wounds are frequent skin conditions. Skin tissue engi-
neering, lotions, solutions, dressings, autografts, and allografts are
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among the wound care options. The dressing should prevent
infection, maintain moisture in the area, and encourage rapid
healing [5,6]. The development of skin tissue engineering scaffolds
to facilitate wound healing is one of the main goals of regenerative
medicine. These scaffolds, with their structural emulation of bodily
tissues, offer a novel perspective on the treatment of skin injuries.
Natural scaffolds derived from decellularized tissues that preserve
their essential components can serve as an appropriate substrate
for cellular functions [7]. In recent years, tissue engineering has
made significant strides toward creating artificial scaffolds as bio-
logical substitutes for organ restoration and enhancement. Three-
dimensional (3D) scaffolds with suitable mechanical, biological,
biophysical, and biochemical properties can be created by tissue
engineering and used as support structures. These scaffolds mimic
bodily tissues and offer the ideal environment for cell adhesion,
development, proliferation, and migration. The above causes bio-
logical exchanges in the system [8,9]. Because it preserves active
chemicals that promote tissue regeneration, the extracellular ma-
trix (ECM) is an essential biomaterial in tissue engineering. In
addition to its complex structural composition and natural com-
ponents, the extracellular matrix (ECM) facilitates cell-cell in-
teractions and provides mechanical integrity [10]. Thus, a suitable
ECM design is always considered. Decellularized tissues provide
cell-free matrices that are minimally immunogenic and retain
bioactive extracellular matrix elements such as growth factors,
hyaluronic acid, collagen, proteoglycans, elastin, and structural and
specialized proteins [11,12]. It appears promising to decellularize
natural tissues to provide an extracellular matrix for 3D scaffolds
and tissuemicroenvironment research. Owing to the lack of a single
accepted method, current research endeavors aim to create novel
approaches for the decellularization of complete or partial tissues
that promote cell differentiation and transplantation for tissue
regeneration [13,14]. There are several different types of vitamin A,
such as retinol, retinal, and retinoic acids. It is an essential micro-
nutrient. Retinol from preformed retinoids or pro-vitamin A ca-
rotenoids that are transformed into retinol in the enterocyte are the
two forms of dietary vitamin A that are absorbed. These are sub-
sequently transported by chylomicrons to the liver, where they are
stored until they are released into the bloodstream and bound to
retinol-binding protein in the liver's physiologically active tissues.
Numerous vital and varied biological processes, including growth,
immunity, cellular differentiation, reproduction, embryological
development, and eyesight, depend on vitamin A. Nuclear retinoic
acid receptors, retinoid receptors, and peroxisome proliferator-
activated receptors are the main mechanisms by which vitamin A
acts. Insufficient levels of retinoid control the proliferation and
differentiation of several cell types in the skin, resulting in aberrant
epithelial keratinization. Vitamin A promotes epidermal turnover,
speeds up re-epithelialization, and repairs epithelial structure in
injured tissue. The special power of retinoids is their capacity to
counteract the anti-inflammatory steroids' inhibiting effects on
wound healing. Apart from its function in the inflammatory stage of
wound healing, research has indicated that retinoic acid also pro-
motes the synthesis of extracellular matrix elements like collagen
type I and fibronectin, boosts the growth of keratinocytes and fi-
broblasts, and lowers the amounts of degrading matrix metal-
loproteinases [15]. Retinoids are generally referred to as vitamin A.
A lack of vitamin A can cause a range of cutaneous symptoms. By
modifying the activity of certain cell lines via retinoic acid re-
ceptors, it also has hormone-like properties. Regarding the physi-
ologic effect of vitamin A on acute or chronic wounds via systemic
or topical treatment, there are many research conducted on ani-
mals and few on humans. Supplementing with vitamin A is most
commonly used to counteract the effects of steroids A vitamin A
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deficit slows down healing [16]. The aim of this study is to research
the effect of decellularized scaffolds containing vitamin A inwound
healing. The effects of the scaffold alone and with vitamin A are
investigated.

2. Materials

Penicillin-streptomycin, trypsin- EDTA, and fetal bovine
serum (FBS) were obtained from Bioidea, Iran. Xylene and paraffin
were purchased from Asiapajohesh, Iran. Phosphate-buffered
saline (PBS), sodium dodecyl sulfate (SDS), Dulbecco's Modified
Eagle's medium (DMEM), 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO),
glutaraldehyde, hematoxylin-eosin (H-E), Masson's trichrome
(MT), Alcian blue (AB), and glutaraldehyde were obtained from
Sigma Aldrich, Germany. Vitamin A 50,000U/1 mL ampoules were
purchased from Osve, Iran. Adipose mesenchymal stem cells
(AMSCs) were obtained from Pasteur Institute, in Iran. Xylazine and
ketamine were purchased from Alfasan, Woerden, Netherlands.
ELISA kits were obtained from Sunlong Medical, China.

3. Methods

3.1. Preparation, decellularization, and load vitamin a in kidney
capsule

The present work aims to choose relevant data and implant a
better scaffold in mice after the chemical-physical evaluation of the
scaffold and determination of vitamin A dose was completed in a
laboratory model. Based on pilot testing, scaffolds of 1.5 � 1.5 cm2

were cut, and various dosages of vitamin A were added to the
scaffolds. The kidney capsule was broken up into tiny pieces, each
measuring 1.5 by 1.5 cm2. A combined physico-chemical method
was used for decellularization. Using the immersion-agitation
approach, decellularization by 0.5 % sodium dodecyl sulfate (SDS)
(chemical detergent) was carried out. During the decellularization
process, tissues were shaken at 80 revolutions per minute (rpm) for
24 h while immersed in detergent. The detergent was changed
every 8 h. Then, to remove the detergent from the tissue, they were
washed with distilled water under a shaker for 24 h (70 rpm). The
distilled water was changed every 8 h. In our previous study, we
used several different methods for decellularization, and the best
results were obtained from the use of 0.5 % SDS. Therefore, we used
this method to continue our research work [17]. Decellularized
kidney capsules (DKC) were dried with a freeze-dryer (Alpha 2e4
LD, Christ) and divided into three groups to load amounts of 5000,
10,000, and 15,000 U/ml of vitamin A. Scaffolds were incubated
with different amounts of vitamin A for 24 h.

3.2. Biocompatibility evaluation (MTT assay)

An indirect evaluation of the biocompatibility of DKCs was car-
ried out using the ISO 10993-5 standard. Sterilized DKCs were
incubated in a Dulbecco's Modified Eagle's medium (DMEM) cul-
ture medium for 24 h. The medium condition was taken and added
to produced adipose mesenchymal stem cells (AMSCs) from the
Pasteur Institute in Iran (1 � 104 in each well of 96 plates) to
examine biocompatibility at 48 and 72 h using the MTT assay [18].

3.3. Attenuated total reflection fourier transform infrared
spectroscopy (ATR-FTIR) analysis

FTIR spectroscopy was utilized to assess the scaffolds' molecular
structure, functional group identification, and bond formation.



Fig. 1. A) MTT assay in 48 h and B) MTT assay in 72 h, Cytotoxicity after 48 and 72 h reported good cell survival in all experimental groups, survival at 72 h was reported higher than
48 h, %, a: Significant compared to the control group, b: Significant compared to DKCs containing vitamin A, the data presented are mean ± SD, n ¼ 3, DKC: decellularized kidney
capsules, 5000vA: 5000 U/ml vitamin A, 10000vA: 10,000 U/ml vitamin A, 15000vA: 15,000 U/ml vitamin A.
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DKCs loaded with different amounts of vitamin Awere subjected to
infrared spectra recording using a Nicolet Is10 (Irprestige-21, Shi-
madzu) equipped with an ATR mode. The spectra were acquired
across a range of 500e4000 cm-1, with an average resolution of 4
cm-1 over 64 scans [19].

3.4. Mechanical test

The mechanical properties of scaffolds were studied using the
Santam st-1 device (Iran). The tensile strength of the device was
evaluated by inserting its clamp between DKCs loaded with
different amounts of vitamin A that had been cut into
10 mm � 40 mm specifications. Young's modulus, strain, and stress
were calculated using the following formulas. The test was stopped
after the samples were broken down, and the load cell's output was
1000 N (N) (3). F is for force, A^ is for cross-section, DL is for length
change, L̂ is for initial length, and DS is for stress change (stress).
F ¼ force, A�¼ cross-section, DL ¼ change in length, L�¼ initial
length, DS ¼ change in stress

(Stress) S]F / A�, (Strain) E ¼ DL / L�, (Young's modulus) E ¼ DS / De

3.5. Cell attachment (SEM)

An SEM (scanning electron microscope) (Philips Company, the
Netherlands) was used to examine the ultrastructure of cell attach-
ment DKCs loaded with different amounts of vitamin A. 1 � 104

AMSCs were grown on DKC to investigate cell adhesion on the
scaffold. After that, the cells were incubated for 72 h. Samples were
treated using a 2.5 % glutaraldehyde solution. The specimens were
coated with gold palladium to facilitate microscopic inspection [20].

3.6. Contact angle

Using a syringe and a 27 G needle, deionized water was poured
onto the scaffold surfaces (Jikan CAG-20, Iran). The drop was pho-
tographed on the scaffold, and Image J software was used to
determine the contact angles based on the drop shape [21].
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3.7. Water retention capacity (WRC)

After weighing the dry tissues and soaking them in PBS for a
while to test the scaffolds' capacity to hold water, they were
incubated at 37 �C for a full day. The scaffolds were put in a
centrifuge tube with filter paper underneath and spun for 3 min
at 500 rpm. After weighing the scaffolds once more, the
following formula was applied [17]. Ws: the weight of the
swollen scaffold, Wi: weight of the dry scaffolds WR
(%) ¼ (Ws�Wi)/Wi 100.
3.8. Antibacterial test

The sensitive (ATCC25923) and methicillin-resistant (M30)
strains of Staphylococcus aureus, the sensitive (ATCC7853) and
imipenem-resistant (IMI10) strains of Pseudomonas aeruginosa,
and the meropenem-sensitive (MEM10) Escherichia coli strain
(ATCC25922) were used. The bacteria were incubated in the BHI
enrichment medium at 37 �C and 170 rpm overnight. Then they
were cultured on blood agar medium for 18-24 h at 37 �C. The
previously prepared cultures were taken out of the refrigerator
and kept at room temperature for 15 min to reach room tem-
perature. Scaffolds were placed in 3 groups. Scaffold group 1
contained 5000 units of vitamin A, group 2 contained 10,000
units of vitamin A, and group 3 contained 15,000 units of vitamin
A. The scaffolds were exposed to UV light for 20 min. Normal
saline (0.9 % w/v) was used to prepare a microbial suspension
with a concentration of 1.5 � 108 CFU mL�1. To perform the
antibiogram test, sterile swabs were used to disperse the pre-
pared suspension onto an agar plate. After adding 100 mL of broth
medium to the scaffolds, they were placed on blank disks and the
disks were placed on Mueller Hinton agar medium. To evaluate
the antibacterial activity, the blank disks containing the scaffolds
were placed against the antibiotic disks of imipenem, mer-
openem, and methicillin. 15 min after performing the antibio-
gram, the plates were incubated at 37 �C for 18-24 h. After the
mentioned period, the diameter of the inhibition zone around the
paper disks was measured.



Fig. 2. ATR-FTIR spectrum of DKCs loaded with different amounts of vitamin A, DKC: decellularized kidney capsules, 5000vA: 5000 U/ml vitamin A, 10000vA: 10,000 U/ml vitamin
A, 15000vA: 15,000 U/ml vitamin A.
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Fig. 3. Mechanical test of DKCs loaded with different amounts of vitamin A, DKC:
decellularized kidney capsules, 5000vA: 5000 U/ml vitamin A, 10000vA: 10,000 U/ml
vitamin A, 15000vA: 15,000 U/ml vitamin A.
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3.9. In vivo wound model

The effectiveness of the DKCs loaded with vitamin A in wound
healing was assessed using a full-thickness wound model. At the age
of eightweeks, 30 healthy adultmale ratsweighing between 220 and
240 gr were procured from the Animal Breeding and Maintenance
Center, Kermanshah University of Medical Sciences, Iran. The ethics
committee of Kermanshah University of Medical Sciences gave its
clearance, and the experimentswere carriedoutbyuniversitypolicies
(ethical code: code IR.KUMS.AEC.1402.046). Rats were housed in en-
vironments thatwere temperature-controlled between 20 and 23 �C,
had a 12-h light and dark cycle, and had humidity levels between 40
and60%.Normal foodandunrestrictedaccess towaterwereprovided
to the mice. The animals were then split into three groups: 1. control
group (no treatment group), 2. DKC group (decellularized kidney
Fig. 4. SEM images, A) X-4.0K cross-section of DKC, B) cell adhesion on DKC surface without
on DKC loaded with 10,000 U/ml vitamin A, E) cell adhesion on DKC loaded with 15,000 U
indicated by orange arrows.
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capsules, treatment group), and 3. DKC-15000 vA group (decellular-
ized kidney capsules þ 15,000 U/ml vitamin A, treatment group).
Intraperitoneal injections of xylazine (10 mg/kg) and ketamine
(100 mg/kg) were used to induce general anesthesia. Following that,
the rat's back developed a 1.5 � 1.5 cm2) full-thickness wound. Each
group (n¼ 5) received the treatments during two periods of 7 and 14
days.Adigital camerawasused to takepicturesof thewoundat7-and
14-days following surgery to track the healing process. Utilizing Im-
age J software (1.52v), the size of thewoundwasmeasured. Lastly, the
wound closure was computed using the following formula.

(Openwound area / Primary wound area) x 100 ¼ % wound closure

3.10. Scaffold implantation into the rat wound

Before grafting, the scaffoldswere UV-exposed for 15min on each
side after being soaked for 30 min in sterile PBS containing 2 % an-
tibiotics. The DKC-15000 vA group was chosen and implanted in the
wound model due to its superior performance in tests of toxicity,
mechanical characteristics, contact angle, antibacterial test, and cell
adherence. The scaffolds were positioned on the wound so that the
scaffold's edgewas under the skin, negating the need for sutures and
allowing researchers to assess the therapeutic effects of each scaffold
in full-thickness wound healing. Following dressing, Tegaderm
elastic tapes (TegadermTM, 3 M Health Care, Germany) were used to
bind the wounds. Additionally, the same coating was applied to the
control group's wounds, which were not received untreated.

3.11. Histopathology study

The animals of each group were killed using sodium thiopental
on the 7th and 14th days. Skin tissues were removed and fixed in
10 % formalin for 72 h. After that, the paraffin-embedded tissues
were cut to a thickness of 5 mm, and the tissues were stained with
vitamin A, C) cell adhesion on DKC loaded with 5000 U/ml vitamin A, D) cell adhesion
/ml vitamin A, The magnification in the images is related to adhesion X-2.5K, cells are



Fig. 5. To measure the hydrophilicity of the surface of the DKCs containing vitamin A, the contact angle test was performed in Fig. 6 A, and WRC in Fig. 6 B, DKC: decellularized
kidney capsules, 5000vA: 5000 U/ml vitamin A, 10000vA: 10,000 U/ml vitamin A, 15000vA: 15,000 U/ml vitamin A.
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hematoxylin and eosin (H&E) and Masson trichrome (MT). Finally,
the development of tissue granulation, collagen deposition, and
epithelialization in different groups were investigated using light
microscopy [22].
3.12. Angiogenesis study

On the seventh and fourteenth days, mouse vascular endothelial
growth factor (VEGF) levels were found in the wound area, per the
high-sensitivity enzyme-linked immunosorbent test (ELISA)
methodology. Briefly, the tissues were centrifuged for 15 min at
12,000 rpm and 4 �C to extract the supernatant. A 96-well plate
coated with an antibody specific to the mouse VEGF marker was
layered with diluted biotin-conjugated antibody and left to be in
contact with the supernatant (100 ml) for 2 h at room temperature.
After that, streptavidin-HRP and biotinylated VEGF antibody were
mixed and incubated for 30min at 37 �C. After incubation, unbound
streptavidin-HRP washed away [23]. The process was stopped by
adding sulfuric acid, and the absorbance at 450 nm was measured
(Elisa Reader, Bio Tek, USA).
Table 1
The diameter of the inhibition zone of the scaffolds containing vitamin A.

Bacteria diameter of the inhibition zone group 1 diamete

Scaffolds
þ
5000 U/ml vitamin A

Antibiotics Scaffolds
þ
10,000 U

E. coli ATCC 35 29 40
P. areuginosa ATCC 21 19 24
P. areuginosa resistance 19 0 20
S. aureus ATCC 35 19 38
S. aureus resistance 30 0 32

E. coli: Escherichia coli, P. areuginosa: Pseudomonas aeruginisa, S. aureus: Staphylococcus
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3.13. Inflammatory study

The ELISA kit methodology was followed to quantify the
amount of interleukin-1 beta (IL-1b). In brief, skin supernatant
(100 mL) was plated on a 96-well plate that had been precoated
with an antibody specific to the mouse IL-1b marker for 2 h at
room temperature on days 7 and 14. After that, the sample's IL-1b
was coupled to a biotinylated mouse IL-1b antibody, which was
then stored for an hour at 37 �C. After that, it was mixed with
streptavidin-HRP and allowed to bind to biotinylated IL-1b anti-
body for half an hour at 37 �C [24]. At 450 nm, absorbance was
measured using sulfuric acid to halt the addition process (Elisa
Reader, Bio Tek, USA).
3.14. Statistical analysis

All data were statistically evaluated, and diagrams were pro-
duced using GraphPad Prism (version 8). When examining the
data using the two-way ANOVA, P < 0.05 was considered
significant.
r of the inhibition zone group 2 diameter of the inhibition zone group 3

/ml vitamin A

Antibiotics Scaffolds
þ
15,000 U/ml vitamin A

Antibiotics

28 42 25
19 33 21
0 25 0
20 40 19
0 35 0

aureus



Fig. 6. Diameter of inhibition zone of around scaffolds containing vitamin A in three group, and antibiotic disks, I) antibacterial assay of scaffolds against E. coli ATCC25922. The
scaffolds containing Vitamin A shown significant antibacterial activity against E. coli ATCC25922. Bactericidal efficiency of scaffold in all three groups was better than meropenem
antibiotic. Antibacterial activity of the scaffold in group 1 (Plate. A), group 2 (Plate. B), and group 3 (Plate. C) was 35 mm, 40 mm, and 42 mm, respectively, II) significant antibacterial
activity of scaffolds against P. aeruginosa ATCC27853. Diameter of the growth inhibition zone of the scaffold in all three groups was higher than that of the imipenem antibiotic.
Antibacterial activity of the scaffold in group 1 (Plate. A), group 2 (Plate. B), and group 3 (Plate. C) was 21 mm, 24 mm, and 23 mm, respectively. Antibacterial activity against
P. aeruginosa resistant to meropenem. The highest antibacterial effect was related to the in group 3 (Plate. F), which created an inhibition zone with a diameter of 25 mm, but group
1(Plate. D), and group 2 (Plate. E) created an inhibition zone with a diameter of 19 mm, and 20 mm, III) the scaffolds show significant antibacterial activity against S. aureus
ATCC27853. Diameter of the growth inhibition zone of the scaffold in all groups was higher than that of the methicillin antibiotic. Antibacterial activity in group 1 (Plate. A), group 2
(Plate. B), and group 3 (Plate. C) was 35 mm, 38 mm, and 40 mm, respectively. The highest antibacterial effect against S. aureus resistant to methicillin in group 3 (Plate. F) was
significantly higher than that of the group 1 (Plate. D), and group 2 (Plate. E).
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4. Results

4.1. Biocompatibility

MTT test was performed to determine the biocompatibility of
the scaffolds during 48 and 72 h. More than 80 % cell viability was
reported in all scaffolds containing vitamin A. Cell survival was
observed at 72 h more than at 48 h. The effect of vitamin A alone
on cell viability was more than its loaded amounts in the scaffold.
873
Therefore, scaffolds containing different concentrations of
vitamin A were biocompatible and did not cause cytotoxicity
(Fig. 1 A and B).

4.2. ATR-FTIR

In a previous study, the scaffold without vitamin A was exam-
ined in terms of chemical agents [17]. The ATR-FTIR spectrum of all
three graphs obtained from the decellularized tissue containing



͇

͇

Fig. 7. Studies on in vivo wound healing, A) 7 and 14 days following the damage, the macroscopic state of the wounds was evaluated, B) A comparison of the wound closure on days
7 and 14 following wounding is shown in the diagram. The values represent the mean ± standard deviation (n ¼ 5). a, a’: significant compared to the control group (days 7 and 14),
b, b’: significant compared to the DKC group (day 7 and 14), c’: significant compared to day 7 of the same group.
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different amounts of vitamin A can be seen in Fig. 2. The peak of the
1632 cm�1 region is related to the C C bond and the peak of the
3008 cm�1 region is related to the CeH bond. Also, the peak area of
3306 cm�1 shows OH groups. These peaks can confirm the load of
vitamin A in the DKCs.

4.3. Mechanical test

The test of mechanical properties shows that Young's modulus
has increased with the rise in the concentration of vitamin A in the
scaffold (312.5 MPa in the DKC loaded with 15,000 U/ml vitamin A
compared to 183.8 and 182.1 MPa in the DKCs containing 10,000
and 5000 U/ml vitamin A, respectively). Also, the breaking point
and ultimate tensile strength (UTS) of the 15,000 U/ml vitamin A
sample is higher than the other two samples. which indicates the
increase of force tolerance in this scaffold compared to the other
two samples (Fig. 3).

4.4. SEM

SEM images showed in the 0.5 % SDS decellularization method
(DKC), fibers are broken to a certain extent and cell adhesion is seen
(Fig. 4 A and B). Cell adhesion has also occurred in the scaffolds
loaded with different amounts of vitamin A, and it seems that
adhesion has occurred in a better way with an increase in the
concentration of vitamin A (Fig. 4C: 5000vA: 5000 U/ml vitamin A,
Fig. 4 D: 10000vA: 10,000 U/ml vitamin A, Fig. 4 E: 15000vA: 15,000
U/ml vitamin A).

4.5. Hydrophilicity tests

A contact angle test was performed to measure the hydrophi-
licity of the scaffold surface (Fig. 5 A). The degree of hydrophilicity
of DKC with different concentrations of vitamin A has shown
different results. The contact angle in the DKC loaded with 15,000
U/ml vitamin A (37.20 ± 0.30) was reported to be higher than
10,000 U/ml vitamin A (29.40 ± 0.30) and 5000 U/ml vitamin A
(17.40 ± 0.40). All three scaffolds showed degrees of hydrophilicity.
WRC plays an important role in the physiological absorption of
liquids. The amount of water retention decreased with increasing
concentration of vitamin A in the DKC (108.66 ± 1.02, 57.00 ± 0.20,
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and 42.00 ± 1.03, in 5000, 1000, and 15,000 U/ml vitamin A
respectively) (Fig. 5 B).

4.6. Antibacterial results

The antibacterial effect of the scaffold containing different doses
of vitamin A was investigated on these bacteria. The measurement
of the inhibition zone and the antibacterial effect of the scaffolds
showed that the diameter of the inhibition zone of the scaffolds is
much greater than the inhibition zone of the antibiotics. The
diameter of the inhibition zone for sensitive and resistant strains is
shown in Table 1 and Fig. 6. As can be seen, with the increase in the
dose of vitamin A, the diameter of the inhibition zone and the
antibacterial effect of the scaffolds have increased. Compared to
scaffolds, antibiotics showed little antibacterial effect. The excellent
effectiveness of scaffolds against antibiotic-resistant strains is very
important. These observations confirm the strong antibacterial ef-
fect of scaffolds containing vitamin A against common Gram-
positive and negative bacteria that cause wound infection.

4.7. In vivo wound healing

The macroscopic appearance of the wound sites was investi-
gated in the study (Fig. 7 A). At the site of the wound, there were no
indications of infection or inflammation. The macroscopic view
showed that the size of wounds in the groups treated with scaffolds
was smaller compared to the control group. To quantify the wound
healing process, the speed of wound closure was measured (Fig. 7
B). Wound closure in the control groups were 35.53 ± 0.55 % and
80.64 ± 1.46 % 7 and 14 days after wound formation, respectively.
Wound healing in the DKC groups were 45.85 ± 0.45 % and
92.46 ± 0.83 % 7 and 14 days after wound formation, respectively.
Wound closure in the DKC þ vitamin A groups was 68.00 ± 1.00 %
on day 7 and 96.84 ± 0.45 % on day 14.

4.8. Histological results

Thewound site in the control groups (days 7 and 14) showed the
highest number of scabs. The process of epithelization is better
observed by increasing the healing time and using the scaffold in
the wound site. In the groups where the scaffold with and without



Fig. 8. Evaluations of wound healing in histopathology, A) day 7, B) day 14, The yellow lines show the boundary between the healthy tissue and the tissue being repaired, white
arrows: scab skin, red arrows: immature collagens, pink arrows: collagen in Masson trichrome staining and orange arrow: hair follicle.
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vitamin A was used as a wound dressing, the process of collagen
tissue formation can be seen, although it is immature. Collagen
bundles were formed in groups of the DKC þ vitamin A on the 14th
day. The formation of hair follicles can also be seen in this group.
Regeneration on the 14th day is described to be better than on the
7th day (Fig. 8 A and B).
4.9. Angiogenesis and inflammatory results

ELISA results show that VEGF levels in the tissue graft site are
higher in the treated groups than in the control group (Fig. 8 A). The
increase in VEGF level in all groups shows a time-dependent in-
crease. On day 14, the level of VEGF in the DKC þ vitamin A group
was significantly higher than in other groups. After that, the DKC
group reported a high level of VEGF on day 14. The level of IL-1b,
dependent on time, showed a decreasing trend in the treated
samples compared to the control group. The DKCþ vitamin A group
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showed a significant reduction in inflammation, especially on the
fourteenth day, compared to other groups, but this difference was
not significant compared to other treatment groups (Fig. 9 B).
5. Discussion

In our previous study, for the first time, we started the research
on kidney capsule decellularization [17]. This tissue was decellu-
larized by different methods and the best scaffold in terms of me-
chanical properties, and biocompatibility was obtained in
decellularization with 0.5 % SDS. In the present study, vitamin A
was loaded in the above scaffold and after checking its various
properties, it was grafted on the full-thickness woundmodel. In the
development of scaffold materials, the focus is on providing a
suitable platform for establishing cell interactions with each other
and with the ECM to create a suitable environment for the treat-
ment of skin injuries [25]. The emergence of decellularized



Fig. 9. A) The effect of DKC and DKC þ vitamin A treatments on VEGF levels and B) IL-1b level in skin wounds after 7 and 14 days, the values represent the mean ± standard
deviation (n ¼ 5). a, a’: significant compared to the control group (days 7 and 14), b’: significant compared to the DKC group (day 7), c’: significant compared to day 7 of the same
group.
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extracellular matrix (dECM) is a promising new technique to pro-
vide a biological environment mimicking the body. dECM is widely
used as a bioactive biomaterial with low immunogenicity and is
readily available for the regeneration and repair of transformed
skin [26]. Vitamin A is an essential nutrient in skin health, and
vitamin A deficiency causes failure in the keratinization of epithe-
lial cells. Although the exact mechanism of its action is not fully
known, retinoids are widely used to treat skin disorders and have
shown good results in healing and accelerating wound healing,
mainly in animals and humans [15]. It showed the effect of vitamin
A on three cell lines (L929, HUVEC, and RAW264.7) by evaluating
the MTT method [27]. Decellularized amniotic membrane tissues
containing exosome nanoparticles derived from adipose tissue
stem cells also showed good cell proliferation [28]. In the present
study, the survival of mesenchymal cells in the treatment with
different concentrations of vitamin A, and in the scaffolds loaded
with vitamin A was reported, which increased with the increase in
the dose. Therefore, ECMs obtained from decellularized tissues
loaded with compounds effective in tissue repair can maintain cell
survival and be a good source for scaffold construction ideas.

In a study, the FTIR spectrum of retinol (one of the forms of
vitamin A) showed peaks related to asymmetric and symmetric
CeH stretching and C]C stretching [29], which were reported in
the same direction as our study. Young's modulus is often some-
what reduced after decellularization, as reported in fish skin
decellularization [30], but often the drug load in decellularized
tissues affected Young's modulus compared to the untreated group.
It shows some increase. For example, the resveratrol load in the
decellularized tissue of the pericardium showed a higher Young's
modulus than the group without resveratrol [31]. In scaffolds pre-
pared by methods other than decellularization, increasing the
concentration of compounds such as rosuvastatin in the scaffold
has increased Young's modulus and thus improved tissue strength
[21]. The results of our study also showed that Young's modulus
increased with increasing vitamin A concentration. Decellularized
tissues will show cell adhesion if the above process has been done
well and the detergents have been completely removed from the
tissue, especially the surface of the tissue [32]. In the decellularized
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tissues containing compounds such as curcumin, cell adhesion was
also observed in the groups that did not have curcumin [33]. In our
study, it was also seen that cell adhesion occurred both in the
groups containing vitamin A and in the scaffold without this
compound. Therefore, it can be concluded that in the case of
optimal decellularization of the scaffold and if the compounds
loaded in the scaffold do not have toxic effects, cell adhesion is done
well. The design of safe and effective formulations to improve and
treat wound infection due to bacterial agents is a challenging issue.
Antibacterial properties and power of wound dressing biomaterials
play an important role in healing and repairing wounds [34].
Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli
are the most common bacteria associated with wound infection
through biofilm formation in wound tissue [35]. Vitamin A has a
significant effect on wound healing through several mechanisms,
including stimulation of epidermal efficiency, increasing the rate of
re-epithelialization, and regeneration of epithelial structure [36]. It
has also been shown that vitamin A plays an important role in
increasing the inflammatory response, angiogenesis, and reparative
collagen synthesis in wounds [37]. Since antibiotic resistance of
common bacteria causing wound infection is one of the main ob-
stacles in the treatment of infectedwounds [38], the use of scaffolds
with an acceptable dose of vitamin A (15,000 units) Provides a
more suitable treatment condition for healing and repairing
infected wounds. Scaffolds containing different doses of vitamin A
provided acceptable results, but the antibacterial activity of the
scaffold containing a higher dose (15,000 units) of vitamin A pro-
vided stronger efficacy to overcome bacterial resistance. Vitamin A
plays an important role in maintaining the health and function of
mucous membranes and skin, which are the body's first line of
defense against pathogens such as bacteria. This vitamin
strengthens the epithelial cells that are present in the skin, respi-
ratory system, and digestive system. Vitamin A increases the pro-
duction of antibodies by stimulating B cells in the immune system.
Antibodies can identify and destroy bacteria. It is now known that
in vitamin A deficiency, epithelial cells shrink and squamous
keratinization may occur in the skin, and at the same time, the
resistance of keratinized epithelial tissues to foreign pathogens
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decreases As a result, it reduces the function of innate immunity
[39e41]. Therefore, it seems that vitamin A can have antibacterial
effects indirectly.

Reaching the ideal contact angle for skin scaffolds is essential to
promoting proper cell adhesion and proliferation. Empirical evi-
dence indicates that a contact anglewithin the 40e70-degree range
is advantageous for fostering these characteristics. Compared to
very hydrophobic or overly hydrophilic surfaces, this range denotes
a moderately hydrophilic surface, which promotes better cell
adhesion and proliferation [42,43]. Biomaterials exhibit an increase
in water absorption at very low contact angles, resulting in a
decrease in protein absorptionda necessary component for cell
attachment and recognition. Cellular receptors, if they exist at all,
are unable to supply the mechanical force necessary to encourage
cell division. Consequently, the right contact angle is required to
maximize the activity of growth factors, while improper contact
angles lead to protein denaturation [44].

Numerous significant and varied biological processes, such as
reproduction, embryonic development, cell differentiation, growth,
immunity, and eyesight, depend on vitamin A. Nuclear retinoic acid
receptors, retinoid X receptors, and peroxisome proliferator-
activated receptors are the primary mechanisms by which vitamin
A operates. The proliferation and differentiation of many skin cell
types are regulated by retinoids and aberrant epithelial keratiniza-
tion results from its shortage. Vitamin A promotes re-
epithelialization, boosts epidermal circulation, and repairs epithe-
lial structure in injured tissue. The special power of retinoids is their
capacity to counteract the anti-inflammatory steroids' inhibiting
effects on wound healing. Apart from its function in the inflamma-
tory stage of wound healing, research has demonstrated that retinoic
acid also stimulates the synthesis of extracellular matrix elements
like collagen type I and fibronectin, boosts the growth of keratino-
cytes and fibroblasts, and lowers the amounts of degrading matrix
metalloproteinases [15,16]. In a study, the angiogenic and anti-
inflammatory effects of vitamin A were obtained in vitro models
[27]. Decellularized tissuewith compounds such asmonophosphoryl
lipid A (MPLA) increases the speed of cell migration, and more
collagen and angiogenesis were observed in the transplant on the
skin wound model [45,46]. As in the present study, the results
showed that the groups that had decellularized tissue containing
vitamin A showed a better process of wound healing, angiogenesis,
and anti-inflammatory properties. The properties of compounds
such as vitamin Awhen they are loaded in scaffolds, probably due to
the creation of a suitable biological substrate, show more effective
properties in the process of skin regeneration.
6. Conclusion

Decellularized kidney capsules with 0.5 % SDS were loaded with
different doses of vitamin A and presented good properties as skin
scaffolds. These features include appropriate mechanical behavior,
biocompatibility, cell attachment, hydrophilicity, and antibacterial
properties. A scaffold loaded with 15,000 U/ml vitamin A showed
full-thickness wound healing within 14 days in rats with increased
angiogenesis and VEGF levels. On the other hand, it caused the
suppression of pro-inflammatory mediators such as IL-1b. These
findings can introduce new evidence of a decellularized kidney
capsule scaffold containing vitamin A for the treatment of skin
wounds.
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